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PROCESSING AND MICROSTRUCTURE OF Nb-1% Zr-0.1% C ALLOY SHEET

Mchmet Uz Roberl II. Tilran

Lafayetle College NASA Lewis Research Center

Easton, PA 18042 Clevehmd, Ohio 44135

Abstract

A systematic study was carried out to evahiate the effects of processing oil the microstruelure of a Nb-
lwt.%Zr-0.1wt.%C alloy sheet. The sampics were fabricated by cold rolling different slicer bars thai were

single-, double- or triple-extruded at 1900 K. Heal treatment consisted of one- or two-step nmlcalhig of

differei)t sainples at temperatures ranging from 1350 K to 1850 K. The assessment of the effects of processing
on microslruclure Involved characterization of the precipitates inchiding the t.ype, crystal structure, chemistry
and distribution within the material as well as all examlimtion of the grain structure. A coml)il|aiion of

various analytical and metallographic techniques were used on both the sheet sainl)lcs and Ihe residue
extracted from them. The results show thai the relatively coarse orthorhontbic NIhC carbides in Ihe as-rolled

samples h-aashwmed to rather lille cubic monocarl)tdes of Nb and Zr with varying Zr/Nb ratios upon

subsequent heal treatnlent. The relative alnount of Ihe cubic carbides and tile Zr/Nb ralio increased with

increasing itun)ber of extrusions prior to cold rolling. Furlhermore, Ihe size and the aspect ratio of the grains

appear to be sh'ong functions of the processing hislory of the material. These and other results obtained wUl

be presented with tile emphasis on a possible relationship between processing and nlicroslructure.

IITI'RODUCTION

Space power requh'enlents for hlture civil inissions, such as exploration of tile Moon and Mars, will range
from multlkilowatts to megawatts of electricity. One of the it)ore hl|portant areas prescnll._ under hivestigation

concerns the characterization of materials for the prhnary heat source - a nuclear reactor. The requirements

for such a nuclear power system currently iilclude a service life in excess of 7 years at {emperalares greater

than 1350 K, less than 2% total creep strahl under stresses as high as 21 MPa, and resistance Io

environmental degradation. These criteria dictate the use of refractory metals (Cooper 1984). Refractory

metal alloys like Nb-1% Zr (this and all of Ihe following compositions being in wt.%) have been suggested for

use in space power applications where resistance to liquid alkali inetal corrosion al temperatures near 1100

K is the prhnary concern (Lane and Ault 1965, Buekman 1984). Prelhnhlary designs of space nuclear power

systems for ground demonstralion specif.',' the Nb-l%Zr alloy for the reactor vessel, heal pipe, and power

components (Kruger el ai. 1987). Curre)lt concepts need Nb-base alloys with greater high temperature

strength and inerensed creep resistance to provide additional design and safely margins (1)okko el al. 1984)
as compared to those provided by Nb-1%Zr alloy. The prhnary candidates to provide such inargins arc the

carbide-strengthened Nb-alloys, in particular, the so-called PWC-II developed in Ihe 1960s (DcIGrosso el hi.

1967) will) a nomhml composition of Nb-1%Zr-0.1%C. An earlier study (Uz and Titran 1991) showed thai

a Nb-1%Zr-0.06%C alloy has excellent nlicrosti'uctural stal)ility at temperatures of intcrest with or without

applied load. The total creep strain in a sample of this low-carbon alloy was less thai) 0.1% after 4 years

(=35,000 hours) at 1350 K under a stress of 10 MPa.

There has been substantial work reported oa the Nb-I%Zr-C alloys, especially on a Nb-I%Zr alloy

containing 0.06%C including its illicrostruclure, long-term creep resistance under differetit loads, and ils

weldability (Tilrao 1986 and 1990, Grobslciu and Titran 1986, Tilran et al. 1986 and 1987, M,_ore el al. 1986,

Uz and Tilraa 1991). However, Ihe relationship betwee|i processing, ntierostructure and proi)crties has not

been well-established for these alloys.

The present study Is part of National Aeronautics and Space Adn)inislralion (NASA) Lewis Research

Center's ongoing program of a critical evahialion of Nb-Zr-C alloys to delerminc the feasibility of Ihe PWC-I i

alloy to meet the anticipated temperature and creep resistance I'equirelnenls needed to replace the Nb-1% Zr
in SP-100 space power systems. It deals with the characterization of tile microstruclure of a Nb-1%Zr-
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0.1%C alloy slice( as affected by the thermonaeehanical processing employed in its fabrication and the

subseqnent heat treatment prior to ils ase In service. In particular, the paper examines the effects of nmltiple

hot-extrusions prior to cold rolling as well as the effects of various Iflgh-temperature aimeals on the
nlierostl'ucttlre.

EXPERIMENTAL

The Nb-1%Zr-0.1%C alloy was procured conu||erctally as vacumn are-melted ingot wilh a heat |mml,er of

064, hence the label of each sample in Ihis sludy consists of Ihe heal number I'ollowed by an identification

indicative of the process. Table 1 gives Ihe processing hislory of the samples studied all of which were in the

form of l-ram Ihick sheet. The difference between each group of san|pies is Ihal 064A, 064B and 064C were

given, respeetiw'ly, single-+ double- and trlple-exlrasion operations prior to cold-rolling the sheet bar. All the
extrusions were inade at 1900 K wilh an extrnsion-|'atio of 4:1. The samples from 064A were given two sets

of heal treahnenls - one with 1755 K conslanl and the other with 1475 K consh|nl. This was done to

deterinine the role of each of Ihese Icinperalares in Ihe doable-anneal (DA) heal h'eahne||l (I h at 1755 K +

2 h at 1475 K) recommended for Ihe PWC-II alloys (Del Grosso, el al. 1967), and the eoaseq||enees of

changing either of these temperah|res. Smaller wu'lalioas ill heal h'eahuenls were performed on tile samples
from 064B and 064C in order to determine Ihe effects of the number of exh'usions on the microslruclure.

Heat lreahnenls were carried out at a pressure of Ihe order of lff 7 Pa with each specimen wrapped In

chemically-cleaned lal|tahnn foil as an additional precaution against interstitial hnpurily contanflnalion.

TABLE 1. Processing Histories of tile l-ram Thick Sheet Samples from Nb-I%Zr-0.1%C Alloy 064.

SAMPLE NO. OF CONDITION OR
EXTRUSIONS HEAl' TREA'IWIENT

(96% CW)064A

064A-1755

064A-1755/1350

064A-1755/1475 (064A-DA)
064A-1755/1600

064A-1755]1700

064A-1475/1475

064A-1650/1475

064A-1850/1475

064B

064B-1755

064B-1755/1350

064B-1755/1475 (064B-DA)

064C'"

064C-1755
064C-1755/1350

064C-1755/1475 (064C-DA)

AS COLD-ROLLED

Ill @ 1755K

lh @ 1755K + 2h @ 1350K

lh @ 1755K + 2h @ 1475K

lh @ 1755K + 2h @ 1600K

lh @ 1755K + 2h @ 1700K

Ill @ 1475K + 2h @ 1475K

lh @ 1650K + 2h @ 1475K

lh @ 1850K + 2h @ 1475K

AS COLD-ROLLED (88% CW)
ill @ 1755K

Ill @ 1755K + 2h @ 1350K

lh @ 1755K + 2h @ 1475K

AS COLD-ROLLED (60% CW)
lh @ 1755K

lh @ 1755K + 211 @ 1350K

Ih @ 1755K + 2h @ 1475K

<">Also cross-rolled to meet sheet-width requirements.

All the materials were chemically analyzed to verify their initial compositions. The samples exposed to

elevated temperatures were also analyzed for O, N and C to monitor their loss o1" pick up during such

exposures because these elements are known to affect material properties significantly.
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TheIoagitudhmlandtransverse cross-sections of each specimen were examined and photographed using light

microscopy In the as-polished condition. Mechanical polishing was done in a slurry of 50 nfl water - 50 ml
colloidal silica with 1 inl each of hydrofluoric and nitric acids on an acid-resistant polishing cloth. The

samples were also chemically etched with a solulloa of lactic acid:nitric acid:hydrofluoric acid in a ralio of

6:3:1 by volmne to exainlne the grain structure. Some spechnens were further examined and I)ho(<)graphed

using scannhig electron microscopy (SEMi in the as-polished condition. Thlu-fihn samples of 064A, 064A-DA,

064B-DA and 064C-DA were examined by transmission electron nlicroseopy (TEM) to characterize the size,

shape, crystal structure and Zr/Nb ratio of the precipilales.

The microstruclure was further characterized by examhdng tile second phase particles extracted from each

sample using a solution of 900 ml methanol - 100 nd bromiae - 10 g tartaric acid with plalinunl as a calalyst.

Phase-extracted residue from each sample was analyzed by X-ray spectroscopy 1o delerinine the eryshd

structure and lallice parameters, and by inductively-coupled plasnm technique (ICP) for Nb- and Zr-eonlenls.

Pieces of the filter paper with residue retained froth O64A, O64A-DA, O64B-DA, O64C-DA were exainiacd

using SF_AI for appearance, and analyzed for Zr/Nb ratio by energy-dispersive X-ray spectroscopy (XEDS).

The procedure followed In this study was designed to allow microstructural characterization to be done by

two or more independent melhods. This was doae for selected samples to validate the trends established ushig

the restdts obtained by the techJdques coimnon to all of the smnples studied.

RESULTS AND DISCUSSION

Chemical Analysis

The results of the chemical analyses are tal>ulaled in Table 2 above. It is evidenl lhal there has I>een

noticeable oxygen coulamination in 064B-1755/1350, and oxygen and nitrogen conlamhmlhms in 064C-1755

and 064C-1755/1350 during the heat treatmeul of these samples. Ill an earlier study oil Nb-I%Zr-0.06%C

TABLE 2. Results of the Chemical Analysis of Samples whose Processing Histories are given in Table 1.

CHEMICAL COMPOSITION (WT.%)

SAMPLE 0_') N _'_ C _') Zr (+_ Nb

BALANCE064-INGOT(TOP)

064-INGOT(BOTTOM)
064A

064A-1755

064A-1755/1350

064A-DA

064A-1755/1600

064A-1755/1700

064A-1475/1475

064A-1650/1475
064A-1850/1475

064B-1755

064B-1755/1350

064B-DA

064C-1755

064C-1755/1350

064C-DA

0.0050
0.0<)80

0.0035

0.0018

0.0029

0.tH)28

0.0014

0.0027

0.0035

0.0063
0.0024

0.0040

0.0248

0.0033

0.0593

0.0283

0.0022

0.0025

0.0020

0.0025

0.0025

0.0022

0.0<119

0.0018

0.0014

0.0015
0.0014

0.0016

0.0021

0.0040

0.0022

0.0116

0.1)086

0.0009

0.0910

0.0900

0.0900

0.0982

0.0972

0.0921

0.0965

0.0957

0.0982
0.0979

0.0943

0.0970

0.0974

0.0914

0.11)40

0.1020

0.0944

0.96

0.94

0.93

0.982

n--

<')Inert-gas fusion method. "_Combustion extraction method. (+_lnductively-coupled plasnm method.



alloy (Uz and Titran 1991), tile oxygen content in Ihe slresscd middle porlion of a creep sample increased from
about 0.003 wt.% to 0.043 wt.% after 34,500 hours at 1350 K under 10 MPa. This did not affect either the

high-temperature creep resistance or mlcrostruclural stability of the material which also should be the case
for the samples studied here. However, any appreciable interstitial hnpurlty, especially oxygen pick up

during processing should be avoided since liquid alkali metals that may be present in the service envh'omuent
of these materials are much stronger oxide-formers than either Zr or Nb (Kubachcwski and Alcock 1983).

Metallographic Examination of Sheet Samples

The samples were examined using oplleal microscopy, scanning electron microscopy (SEM) and/or

transmission electron microscopy (TEM). These will be presented slarting with the as-cast alloy al|d follow

the process path for a group of samples. All the micrographs of the sheet samples presented arc from the

longitudinal cross-sections, and the directiou of cold work (rolling axis) in each is parallel to the horizontal

lines of the text with the exception of Figure 2 in which the extrusion axis is nearly perpendicular.

Secondary-electron (SE) images of as-cast 064 taken hy SEM are shown at two different magnificalioas in

Figure 1. The needle-like precipitates are rather coarse throughout the matrix and appear 1o have formt'd

a continuous network along the boundaries of the grains that are relatively large.

FIGURE 1. SEM Micrographs of As-Cast Nb-1% Zr-0.1% C Alloy 064. Both Secondary Electron Images

(SEI) of the Longiludimd Cross Section of As-Etched Sample.

Shown tn Figure 2 are the back-scallered electron (BSE) hnages of tile nose portion of tile single-extruded

sheet bar at two different magnificat!ons. It would appear that 5olextrusion at 1900 K caused the as-cast
structure to break down and reform with file precipitates somewlia| aligned along the direction of

deformation. Also, the extrusion process evidently resulted in noticeable refinement in the precipitate Size.

FIGURE 2. SEM Micrographs of Siqgle-Extruded Sheet Bar of Nb-1% Zr-0.1%C AIIo.v 064. Both Back

Scattered Electron hnages (BSEI) of the Longitudinal Cross Section of As-Pol|shcd Sample.

ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPh



A complete l>rellkdown of lhe microslruclurc and aligluncnt of the mostly coarse preclpilatcs along file

rolling direction occurred upon cold rolling following extrusion as can be seen fl'on! Figure 3a. Tile renmhling

micrographs in the figure show the effecls of changlilg lhe second-step temperalure of rise double-anneal heal

treaiment. Figure 3b shows that there is a refiilement of the precipilate size accompanied by Ihe appearance

of individual grains upon heating the as-rolled sample for 1 h ,t 1755 K. Also noteworlhy front lhis

micrograph is the presence of the finer preclpilates along the grain boundaries as well as within the grains.

FIGURE 3. Optical biicrographs of (a) 064A, (b) 064A-1755, (c) 064A-1755/1350, (d) 064A-l)A, (e) 064A-
1755/1600 and (f) 064A-1755/1700. All Differenlial Interference Contrast (DIC) Images of

the Longitudhial Cross Sections of As-Polished Samples.
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Subsequent anneal at 1350 K rot- 2 h caused some eoarseaing of the precipitates and a slight decrease in tile

aspect ratio of tile grains which can be noted from tile optical micrograph of 064A-1755/1350 in Figure 3¢.

The grains of both 064A-1755 attd 064A-1755/1350 are ntostl,,' elongated, and few grains have aspect ratios

as high as I0 and a length of tl I) tO 100 it|it|. The nean'ly equiaxed grains ilt either salnple are rather sunall (=10

[Lift). Upoit double-anneal, DA (1 It at 1755 K + 2 It at 1475 K), the sainple 064A recrystallized fully as is

obvious front the optical mtcrograph of 064A-DA In Figure 3d. The grains lit this slunple are rather large

(100 to 300 gun) with relativel_ coarse precipitates along the grain boundaries and within grains alike. The

highest aspect ratio measured lit this sample was about 1.5. It Is interesting to note from the nticrographs of
064A-1755/1600 lit 3e attd 064A-1755/1700 in 3f that Increasing the second-step tenq)eralure of DA heat

treatlnent did not result in a coarser nlierostrueture, lit contrast to what one wouhl expect, these sauiples

have nluch finer nlicrostruchtres tilan 064A-DA as far as both the gratis size and the precipitates are

concerned. The coarser precipitates observed in the as-rolled sample are fewer in nunlber, arid newly-rormcd

fine precipitates are visible witliiti t|le grfliils flltd |tie boundaries. It is possible that increasing tire sec0nd'step

temperature hastened the forint|ion of the fitter precipitates following the partial solution treatment at 1755

K. These finer precipitates were then i'espoasil_le for hhldering the graht growth, hence the finer

microstructure. The larger grains in eillter o£ these last two samples are as long as 150 flirt _iih an aspect

ratio as high as 5. Again the nearly-cquhtxcd grains are on the order of 10 _tin ill size. These heat tl'eatnlellts

should be duplicated to further investigate the rather unusual trends in tile resulting nticrostructures.

FIGURE 4. Optical Micrographs of (a) 064A-1475/1475, (b) 064A-1650/1475, (c) 064A-DA and (d) 064A-
1850/1475. All DIC hnages of the Longitudinal Cross Sections of As-Polished Samples.

6
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The development of tile microstruclure of 064A upon changing tile ilrst-step temperature of Ihe DA Ileal

treatment is shown In Figure 4. There appears to be sortie refinement in the precipitate size upon 1475/1475

anneal (Figure 4a), but this is to a lesser exlent Ihan in 064A-1755 above. This should be expected since much

less earbou goes into sohltion at 1475 K than al 1755 K, and consequently less re-precipitates during cooling

and/or subsequent heat trcatmenl. Increasing the first-step temperature to 1650 K resulted in a marked

refinement of the microstructure (see Figure 4b). Both of the above anneals gave grains as long as 100 _m

with aspect ratios as high as 5 to 8. The nearly-equlaxed grains are smaller (--5 to 10 _m) than the samples

discussed previously. The DA heat treatment resulted in a coarse reerystallized microslruclure as described

earlter. Interesting again is that increashlg the first-step telnperature to 1850 K (sample 064A-1850/1475 in

Figure 4.d) yielded a finer microstructure thaa 064A-DA. The grains have aspect ratios of 1 to 2. The

equlaxed grains are as small as 30 pare, and the elongated olles are as long as 150 lain. Both the grains and

the precipitates in this sample are considerably finer than those in 064A-DA. This may be alh'ibuhd_le to
more carbon going into solution at 1850 K than at 1755 K, and more carl)on being available for the fornlalion

of the finer carbides In the sample mmealed at the higher temperalure. These shlble precipitates then

prevented grain growth.

The mleroslruclures of tile as-rolled and heat treated samples from the double-exlruded sheet 064B are

shown in Figure 5. The trends concerning Ihe changes In the microstructure are shnilar to those observed

In samples froln 064A (see Fig. 3a - 3d). There is some refinement in Ihe mlcrostructure upon annealing of

k

t

FIGURE 5. Optical Mierographs of (a) 06411, (b) 064B-1755, (c) 064B-1755/1350, (d) 064B-DA. All DIC

hnages of tile Longitudimd Cross Sections of As-Polished Smnples.
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the cold-rolled sample at 1755 K hw 1 h, and upon tile subsequenl amleal of 2 h at 1350 K. TIne grains of

064B-1755 are nniosily elongated (as long as 150 _Lm) and have aspect ratios as high as 10. A few of tile grains

appear to be nearly equiaxed and are about 20 _lnn in size. TIne nnicrostructure of 064B-1755/1350 appears

stnnilan', but the grains lmve lower aspect ratios witln a unaxinnum of about 6. Similar to flnat of 064A-DA, line
nnicrostructure or 064B-DA is almost hnlly recn'ystallized, but with smaller grains and finer pl'ecipitates tlmt

appear to be less innrain]bet + density. This inay be atlribuled to the lower alnlotunnt of cold work in 064B (--

88%) tlnan flint inn 064A (-- 96%) wldch means lower stored energy Inence less driving force for line

recrystallization and growtln processes. Furtlnermore the grains In 064B-DA an'e considerably finch" thann inn
064A-DA and soune still have ann aspect n'atlo as Mgln as 3.

Figure 6 shows tlne optical mterograplns of line samples from tlne triple-extruded 064C wldcln were similan'iy

processed as those from 064B innFigure 5. It appears tirol the precipitates in tlnese samples h'om 064C are

finer tlnan line sinndlnn'ly-treatcd sannples h'om eillner 064A on"064B. It will be recalled tirol 064C received only
60 % cold work wldcln is much less tlnan line ollner two, but it was cross-rolled to uneet line widtln requireunennls

during line slncet nnanufacturing process (Table 1). 'l'lnis nnore complex (titan slraigltt rolling) pn'ocess evidently
more titan made up for the lower percent of cohl work it received. It is interesting to note from Figure 6d

that, in contrast to 064A-DA and 064B-DA, 064C-DA is nnot recrysta]lized. TIne grains of 064C-DA are
noticeably finler Ilnan eitlner of tlne otlner two, ancl lnave aspect ratios as]dgh as 8 t_ 10. TIds may be due to

the finle precipitates at the grain boundaries, on"due to some stabilizing effect of line cross-rolling process.

FIGURE 6. Optical Mierograplns of (a) 064C, (b) 064C-1755, (c) 064C-1755/1350, (d) 064C-DA. All DIC

Images ot"line Longitudinal Cross Sections of As-Polislned Samples.
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The back-scallered electron Images of some of file samples examined using SEM are showll ill Figure 7.

These mlerographs correlate well with tile oplical images concerning the precipitates - tile carbides which have

a lower average atomic nmnber than tile mah'ix appear darker in tile BSE hnages and correspond Io Ihe

protrusions in the mlcrographs taken by light microscope using differential interfcreuce conlrast (DIC).

Furthermore, these mlcrographs show that the preeipilales in the heat-h'ealed samples vary in size fi'om the

fraction of a micron to a few microns. Tile larger precipitates, however, appear to be fewer ill number,

especially ill the sample from the triple-extruded sheet.

FIGURE 7. SEM Micrographs of (a) 064A, (b) 064A-1755, (e) 064A-1755/1350, (d) 064C-1755/1350. All

BSEI of the Longitudhml Cross Sections of As-Polished Samples.

The above results show that it is possible to obtain differeut mlcroslruclures as desh'cd by carefully tailoi'ing

the process. With tide exception s of 064A-DA, 064A-1850/1475 and 064B-DA, all the processes resulted in
microstructures consisting of relatively fine precipitates alolig lhe grain boundaries and within tile grains, but

the grains themselves had preferred orientation and widely var)ing aspect ratios. Relath'e to Olle with

equlaxed grains, such mlcrostructures with elongated grains may be beneficial in Improving tide mechanical

properties ill the longitudinal direction, but would be detrimental for those in the trausverse direction.

Characterization of Precipitates

The precipitates that may form hddividtlally or ill solid solution wilh one another ill n Nb-Zr-C alloy are
listed ill Table 3 together with the crystal structure and lattice parameters. To identify and characterize the

precipitales In Ihe samples examined, phrase-extracted residue h'om each was analyzed h_llowlug the procedure

described earlier. For the same purpose, and also to verify the results obtained frond X-ray analysis, sonde

sheet samples were examined and almlyzed using TEM to identify the precipitates and to determine their
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TABLE 3: Crystal structures and lattice parameters of compounds possibly present in Nb-Zr-C alloys.

Compound

Nb2C

Nb2C
NbO

NbN

NbN

NbC

ZrN

ZrO

ZrC

ZrO z

Crystal

Structure

Hexagonal
Orthoromb|c

Cubic

Tetragonal

Hexagonal

fcc(B1)
fcc(Bl)

fcc(Bl)

fcc(Bl)

fcc(C1)

a_

0.313

1.09

0.421

0.438

0.295

->0.447

0.456

0.462

->0.470

0.509

Lattice Parameter (nn0

b_

0.31

co

0.497

0.50

0.431

0.553

crystal structures, lattice parameters and chendstry. It is realized that the error involved iu XEDS analysis

using SEM or TFA'I can be as high as 20% relative to the value measured. However, hldepeudcut techniques

on select samples are useful ]n verifying the trends observed ill the results obtained h'om the analysis

techniques, such as ICP and X-ray spectroscopy, conunon to all salnples studied.

Figure 8 shows tile SEM images of tile residue samples galhered on filter paper from (a) 064A, (!!) 064B-I)A.
It will be noted Ilml in the residue from 064A Ihe Individual particles can be rcsoh, ed while lhosc in the other

agglomerated together indicating that they are filler overall which is consistent wills the metallographic
observations discussed earlier. Residue from other heat-treated samples looked similar to thai of 064B-DA.

FIGURE 8. SEM Micrographs of Ihe Residue extracted from (a) 064A and (b) 064B-DA. Both SEI of

the Residue gathered on Teflon Filter Paper.

The results of the analysis of the phase extracted residue by X-rays, ICP technique and SEM/XEDS are

tabulated in Table 4. Given ill Table 5 are the resplts of TEM work on Ihin-film samples h'om 064A, 064A-

DA, 064B-DA, 064C-DA. The results ill Table 5 concerning the precipitate identity and the lattice parameters

that could be determined are consisteut with those in Tahle 4 for these specimens. TEM images of precipitales

of two different sizes arc shown ill Figure 9 together with the corresponding diffraction paltera of each.
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TABLE 4: Results of the analysis of residues phase-extracted from Nb-I%Zr-0.1%C alloy samples
whose processing histories are given ill Table 1.

SAMPLE

064A-INGOT
064A

064A-1755

064A-1755/1350

064A-DA

064A-1755/1600

064A-1755/1700

064A-1475/1475

064A-1650/1475

064A-1850/1475
064B

064B-1755 {o

064B-1755/1350 ¢o

064B-DA

064C

064C-1755 "_

064C-1755/1350 _°

064C-DA

a) Average of XEDS anal s:sis
(b)
(c)

PHASE(S)

Nb2C

Nh2C
(Zr,Nb)C

(Zr,Nb)C

(Nb,Zr)2C
(Zr,Nb)C

Nb2C
(Zr_b)C

(Nb,Zr)zC
(Zr_Nb)C

(Nb,Zr)2C
(Zr.Nb)C

{Nb,Zr)2C
(Zr,Nb)C

(Nb,Zr)2C
Zr,Nb)C

(Nb,Zr)2C

NbzC

(Zr,Nb)C

(Nb,Zr),C
(Zr,Nb)C

(Nb,Zr)2C
(Zr,Nh)C

Nh2C
(Zr,Nb)C

NbzC
(Zr,Nb)C

(Nb,Zr)zC
(Zr.Nb)C

(Nb,Zr)2C
(Zr,Nb)C
(Zr,Nb)C

X-RAY ANALYSIS

LATTICE PARAME'TERS

(rim)

no

(b)
1.092

0.453

{t,)
1.239

0.452

1.090

0.450

1.239

0.452-

0.459
1.241

0.452

1.236

0.454

1.236

0.456

1.239

1.090

(b)
1.240

0.459

(b)
0.459

(b)
0.459

1.090

(b)
1.238

0.461

ll.,)
0.459

0.459

bo co

0.497 0.311

1.093 0.499

0.480 0.290

1.093 0.498

1.090 0.498

1.086 0.497

1.088 0.497

1.090 0.498

0.499 0.311

1.089 0.497

0.497 0.311

1.090 0.498

Zr/Nb RATIO

of 4 areas l'r, a 5x5 _t to 250x250 nn.
Not enough peaks to deiermine lattice mrameters.

In these samples some ZrO2 was also dctecled.

CHEM

ANALYSIS

2/98

3/97

26/74

15/85

1(}/90

20/80

10/90

20/80

2O/80

4/96

15/85

20/80

20/80

40/60

25/75

30/70

50/50

65/35

10/90

30/70

5O/5O

70/30

It will be noted from Table 5 thai Ihe finer (stlbmleron-sized) particles are predominanlly cubic (Zr,Nb)C

with relatively high Zr/Nb rallos whereas the coarser ones (3-5 pill ill size) are orthorhombic NbzC with quite

low Zr/Nb ratios. This tndleales thai as the Zr/Nb ratio increases, lhe fraction of the preeipiiates tirol are
cubic (Zr,Nb)C, i.e. the relative alnoullt of these prectpilates in a material increases. ]'his should be desirable

as the finer cubic alloy carbide is more slable than Ihe coarser NbzC. In htcl, NbzC dissolves with time giving

11



TABLE5: Resultsof TEMstudiesonthin-fihnsofNb-1%Zr-0.1%Calloysheetsmnples

PRECWITATE LATTICEPARAMETER(jam)

SAMPLE SIZE(gm0 TYPE a0 b0 e0

064A

064A-DA

064B-DA

0.Ix0.3
0.25x0.25

4
4

2.5
0.3

0.2x0.3
0.3x0.4
0.2x0.3

4
4x5
5

2x3
2
3

2x4
0.2x0.3

NbzC
Nb2C
NbzC
NIhC
Nb2C

(Zr_b)C
(Zr2_b)C
(Zr,Nb)C
(Zr,Nb)C

Nb+C
NI>zC<_

NbzC <+J

NbzC

NI>_C
NI)2C

Nb2C

(Zr_Nb)C

1.092

1.092

0.468 +a_

0.461

0.458

0.466

1.092

1,092

1.092

0.472

064C-DA

Zr/Nb

.-n

w

w

-.w

-.w

..N

0.309

4/96

3/97

2/98

2/98
5/95

45/55

41}/60

40/60
35/65

2/98

5/95

2/98

2/98
2/98

6/94

5/{)5

+"_See Figure 9a. _l,,See Figure 9b.

<_'These preeipllales were hexagonal while all other Nb2C were orlhoromblc. (Zr,Nb)C were cubic.

way to the fine eul>ic phase, (Zr+Nb)C, and it in the eul>ie carl>ides that provide excellcnl inlerosh'uclural

stability and creep resistance of lhese alloys al elevaled lemperalares as was shown for a Nb-1%Zr-0.06%C

alloy in an era'lice study (Uz and Tilran 1991).

From the results oblalned on Ihe phase-exlracled residue (see Table 4), the following are evidenl:

- The preelpllales in bolh the as-easl ingot and tile slngle-exh'uded sheet 064A were virluall3 +all coarse

Nb_C, hence their analyses yielded nearly all Nb indicating Ihat Zr was in solid solulion _:ilh Nb.

-- In all Ihe heal |realed samples from 064A., wilh Ihe exeeplion of 064A-1850/1475, Ihere was an

increase in lhe ZP/Nb ralio sigaalingaa increase in Ihe relative alllOtlal of the (Zr.Nb)C. The residue

from 064A-1850/1475 yiehled nearly all Nb and lhe X-ray results yielded an orlhorhombi¢ phase wilh

lattice paramelers larger Ihan those of NbzC which is thoughl to be (Nb,Zr)2C.

-- A comparison of the samples from 064A, 064B and 064C _+ilh similar heal Irealmenls clearly shows
thai the Zr/Nb ratio hence the relative amount of (Zr,Nb)C increased with lhc number of extrusions.

For example, the Zr/Nb ratio increased from about 3/97 in 064A to 15/85 in 064B and Io 25/75 in

064C. Also, the Zr/Nb ratio was abou! 10/90 in 064A-DA, 40/60 ill 064B-DA and il ++as about 6(I/40

in 064C-DA. This ll+cild was also confirmed b) lhe XEDS analysis of the residue on filler paper made

using SEM as can be spell from tile fable.
-- As in 064A, Ihe resulls of 064B and especlali) +those of 064C show Ihat Ihe heal Ireahnenl of Ihe as-

rolled sheet gave rise Io a nmrked increase ill Zr/Nb ralio, again indicating an increase ill Ihe amounl

of (Zr,Nb)C relative !o Nb2C. In all Ihree lypes of samples studied here, double annealing resuiled
lit 2-3 fold increase in the Zr/Nb rallo wilh respect 1o Ihe as-rolled material.

12



FIGURE9. TEMMierograpllsand tile corresponding Diffraction Pallern for (a) a Snmll (= 0.3 _un)

Parlicle h'Oln 064A-DA and (b) a Large (= 4 _un) Particle h'om 064B-DA.

The reasoning hehhld the idenllflealion of some of the orlhorhonlbic carbhles hi 1'able 4 as (Nb,Zr)_C and
the cubic monoearbides as (Zr,Nh)C is as follows: Nb2C is primarily orlhorhombic wilh a_.=1.092 nm,

bo=0.4974 mn and %=0.309 nm (see Table 3). Also, Zr has a larger atomic radius (0.158 ran) Ihan Nb (0.143

nm). Therefore, as any Zr dissolves in Nb2C, one wmlld expect nil Increase ill Ihe lattice parameler of Ihis

orthorhomblc carbide. Currenlly, Ihe existence of (Nb,Zr)zC is conjectural and solely based on the above

because there is no data available concerning Zr2C. As hw lhe monocarbides, all of them have laltice

parameters thai fall between those of NbC (a,,=0.447 ran) and ZrC (a.=0.470 ran). Hence, Ihe cubic

precipitates are believed to be a solid solulion of ZrC and NbC or (Zr,Nb)C. The increase in the lallice

parameter of this precipitate wilh increasing Zr/Nb ratio also is lit agreement with the fitct that the lattice

parameter of ZrC is larger than thai of NbC. In a material with Nb2C , formation of (Zr,Nb)C or a solid
solution of ZrC and NbC upon exposure Io elewded temperatures is Ihcrmodynamleall_ possible because ZrC

is more slable than NbC at Ihe lemperalures of Interest (Kubachewski and AIcock 1983).

The suggestion that some of the relatively coarse Nb2C dissolves and re-forms as tile cubic (Zr,Nb)C upon

heat [rea|lnent Is COilSiStelil with the results of lids study. As processing beeflliie It|ore eoiliplex o1"the heat

treatment [enlperalare increased, the mlerostructure showed fewer of the coarser particles and more of the

finer ones, and the composition analysis showed an Increase In Zr/Nb ralio or the precipitates. This is also

consistent with the results of the stud} on a Nb-|%Zr-0.06%C alloy (Uz and Tilran 1991) in which the
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mieroslruchn'e of a sample h.ansformed from one with predo,nluaully NbzC to one wilh (Zr,Nb)C prccil)ilates

ill the earlier stages of high-temperature exposure with or wilhoul applied load as mentioned earlier.

The results obtalaed and tire observations nmd¢ in this study show that any of the samples from 064 should

be as creep-resistau{ as the lower-carbon alloy under sin|liar or more severe service conditions. The

assessment of the mechanical properties and the processing-nflcrosh'ucttn'e-propcrty relalionship for the

samples from the Nb-1% Zr-0.1%C alloy are parts of an ongoing investigation.

SUMMARY OF RESULTS

The effects of i)rocessing (number of hot-extrusions prior to cold rolling altd subsequent Ileal lrealnlenls)

on the ntlcrostruch|re of a Nb-1%Zr-0.1%C alloy was investigated. Ft'om the results obtained the following
are evident:

-- Tile l}reeipilales present in tile alloy are Ihe relatively coarse orlhorhoi||l)ic NI_C with or wilhoul Zr

dissolved in It and/or the much finer cubic (Zr,Nb)C. Of these precipitates, the cubic carbides are

slable and are considered to be responsible for Ihe excellent high-temperahwe stability and creep

resistance of Nb-Zr-C alloys.

-- An increase ill the Zr/Nb rnlio of the exh'acled carbides eoiTesponds to an increase In Ihe relative
mnounl of the filler cubic carbides In the material which is oflen accon|panled by a fitter

IllJcroslrllcture.

-- With the exceptions of 064A-DA, 064A-1850/1475 and 064B-DA that were ahnost fully reerystallized,
all tire processes resulted in mlcrosh+uehn+es consisting of relatively fine preclpilales along the grain

boundaries and within the grains, bul the grains themselves had preferred orlenh|lion attd wklely

varying aspecl ratios.

-- Comparison of salnples with shnilar heat treatlnents from the single-, double- and Iril}le-exh'uded
sheets show that tire Zr/Nb ratio hence the amounl of (Zr,Nb)C ill Ihe alloy increased with the

number of extrusions prior to cold rolling process. This increase was also acconipanied b} a finer

niicrostructure and grains of higher aspect ratio.

-- hi a given group of samples (single-. double- or Iriple-exlruded), all of the heal treat|nee|Is, hi general,
resulted in an h|erease hi the Zr/Nb ratio compared to the as-extruded or as-rolled samples.

CONCLUSION

Based on the results of the earlier study (Uz and Titran 1991) on a Nb-I%Zr-0.06%C alloy which showed

excellent creep resistance and microstructaral stability al 1350 K, and an exatninalion of the microstruclure

of the Nb-1% Zr-0.1%C alloy in this study, it would appear flint the nlajorlly of the samples with tire heat-

treated conditions from the alloy containing 0.1%C should have as good, if not belier, high-tenlpe|'ahn'e

stability and creep resistance than those froill the lower-carbon alloy even under more severe service

conditions.
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